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Using a time-resolved detection scheme in scanning transmission X-ray microscopy (STXM) we
measured element resolved ferromagnetic resonance (FMR) at microwave frequencies up to 10GHz
and a spatial resolution down to 20 nm at two different synchrotrons. We present different methods
to separate the contribution of the background from the dynamic magnetic contrast based on the
X-ray magnetic circular dichroism (XMCD) effect. The relative phase between the GHz microwave
excitation and the X-ray pulses generated by the synchrotron, as well as the opening angle of the
precession at FMR can be quantified. A detailed analysis for homogeneous and inhomogeneous
magnetic excitations demonstrates that the dynamic contrast indeed behaves as the usual XMCD
effect. The dynamic magnetic contrast in time-resolved STXM has the potential be a powerful tool
to study the linear and non-linear magnetic excitations in magnetic micro- and nano-structures with
unique spatial-temporal resolution in combination with element selectivity.
I. INTRODUCTION
In spintronics and magnonics it is imporant to under-
stand the magnetization dynamics on the micro- and
nano-scale e. g. to be able to control the propagation of
spin waves. A well-established technique to measure the
dynamic magnetic behavior of a system is ferromagnetic
resonance (FMR). Yet classical resonator based FMR
measurements are not able to detect single micro- or
nano-sized objects due to their detection limit of around
1011 spins [1]. This sensitivity limit has been overcome in
recent years by the development of lithographically fab-
ricated micro-resonators [2] which are capable of mea-
suring down to 106 spins [3], corresponding to a single
Fe-nanocube with dimensions of 30× 30× 30nm3. Due
to the lack of spatial resolution below the diameter of
the micro-resonator of typically a few tens of microns
it is impossible to separate the FMR signal of a single
nano-particle from the resonance signal of the whole en-
semble during the homogeneous excitation of the micro-
resonator cavity.
To facilitate spatial resolution other measurement tech-
niques have been combined with FMR excitation in or-
der to measure a single nano-sized object in an ensemble.
These measurement techniques include but are not lim-
ited to: magneto optic Kerr effect (MOKE) [4], Brillouin
light scattering (BLS) [5], magnetic force microscopy
(MFM) [6], scanning thermal microscopy (SThM) [7],
scanning electron microscopy with polarization analy-
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sis (SEMPA) [8], and X-ray photoemission electron mi-
croscopy (X-PEEM) [9]. For most of these measurement
techniques it is not possible to measure with element
selectivity (MOKE, BLS, MFM, SThM and SEMPA),
while other measurement techniques like X-PEEM can
only probe the surface of the sample with element selec-
tivity. In recent years the X-ray magnetic circular dichro-
ism (XMCD) [10–12] effect has been combined with FMR
in order to probe the dynamic magnetic excitation, the so
called X-ray detected ferromagnetic resonance (XFMR)
[13], utilizing the element selectivity of the X-rays. A
spatial resolution of down to 20nm can be achieved by us-
ing a scanning transmission X-ray microscope (STXM);
however, initially the time-resolution was restricted to
below 1 GHz [14]. By combining the micro-resonator
FMR with STXM (STXM-FMR) within a synchroniza-
tion scheme for the exciting microwaves and the probing
X-ray photons of the synchrotron it is possible to detect
FMR with a high temporal (ps-regime) as well as spa-
tial resolution (nm regime) [7, 15, 16]. Combining these
features STXM-FMR measurements bare the potential
to significantly deepen our understanding of, e. g., mag-
netic domain wall dynamics [17], spin wave emitters [18],
the dynamic magnetization of ferromagnetic heterosys-
tems containing different chemical elements [19] as well
as non-ferromagnets with induced magnetization[20].
In order to be able to draw valid conclusions from the
dynamic magnetic contrast in STXM-FMR, it is neces-
sary to perform a range of control-experiments in the
first place as well as testing the robustness of the evalu-
ation of the raw data to establish that STXM-FMR in-
deed provides significant information about the dynamic
magnetic behavior of a given magnetic specimen based
2on the XMCD effect. In this paper a range of control
experiments will be presented as well as a detailed anal-
ysis of the separation of the true magnetic contrast from
background effects. The obtained results allow to reli-
ably image homogeneous and inhomogeneous magnetic
excitations in magnetic micro-stuctures with very high
spatio-temporal resolution. Furthermore, it is possible
to obtain quantitative information about the local pre-
cession angle in FMR and its relative phase within a given
STXM-FMR experiment.
II. EXPERIMENTAL DETAILS
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FIG. 1: Scanning electron microscope (SEM) image of the
strip-line resonator on top of a SiN-membrane. For this work
two different sample systems were chosen. In b) two perpen-
dicular Py stripes (”T”-sample) are shown, while in c) the
Py-Co disk stripe sample can be seen.
The magnetic specimen is placed inside a micro-
resonator and microwaves are used to excite the FMR.
The micro-resonator is fabricated on a 200nm thick,
250×250µm2 large silicon nitride membrane suspended
by a 5×10mm2 silicon frame of high resistivity. In a first
step the magnetic specimen is fabricated on the SiN-
membrane using electron beam lithography (EBL). Two
different designs for the magnetic specimen were made.
The first one consists of two perpendicular permalloy
(Py) stripes with dimensions of 5×1×0.03µm3 (see
Fig. 1 b)), which are deposited using magnetron sputter-
ing at room temperature and capped with aluminum.
The second sample system is a combination of a Py
disk with a Co stripe. For this in a first step a Py disk
with a diameter of 2.6µm and a thickness of 30 nm is
fabricated. With a second EBL step a Co stripe with
lateral dimensions of 2×0.6µm2 and a thickness of 30 nm
is placed on top of the Py disk (see Fig. 1 c)). Finally,
the micro-resonator is patterned around the magnetic
specimen using optical lithography (OL), leaving the
sample inside the Ω shaped resonator loop in Fig. 1 a).
The gold used to produce the micro-resonator has a
thickness of 600nm and an additional 5 nm of titanium is
used as an adhesion layer. Both materials are deposited
by thermal evaporation.
To measure the STXM-FMR at the Stanford Syn-
chrotron Radiation Lightsource (SSRL), beamline 13.1,
the FMR excitation needs to be synchronized to the
bunch freuqency of the synchrotron, thus enabling us
to measure the FMR precession with time resolution.
By utilizing the STXM it is possible to measure with
a spatial resolution, 35 nm at SSRL and 20 nm at
the MAXYMUS beamline at BESSY II, achieved by
focusing the X-rays onto the magnetic specimen using
a zone-plate. The stroboscopic time resolution for the
STXM-FMR measurement is achieved by phase locking
the GHz microwave frequency to the 476.315 MHz bunch
frequency of the SSRL synchrotron. Furthermore, a
PIN-diode was installed to switch the microwave on
and off with the synchrotron revolving frequency of
1.28MHz. This comparison of X-ray transmission de-
tected with and without applied microwave power allows
to detect very small changes in the x-ray transmission
as a result of the magnetization precession. A fast
avalanche photo diode (APD) detects the transmitted
X-ray photons behind the sample. The APD signal is
finally stored in 12 different channels. Each of these
channels corresponds to the signal of a specific group of
X-ray pulses. The first 6 channels are used for the APD
signal of the transmitted X-rays with applied microwave,
while the second 6 channels are used to measure the
X-ray transmission without applied microwave. For the
first 6 channels the magnetization inside the sample
is precessing, while the magnetization is static for the
second 6 channels. Each of these channels corresponds
to a specific relative phase of the FMR precession
with respect to the microwave excitation. The latter
non-precessing channels are crucial to eliminate the
influence of the filling pattern of the bunch train of
electron buckets on the resulting STXM images. The
6 different channels correspond to 6 specific bunches
which are phase shifted each by 60◦, with respect to the
microwave frequency of up to 9.6GHz. Therefore, the
6 phases correspond to time resolved snap-shot images
which are separated by 17.4 ps, and comprise one full
precession cycle of the magnetization. One should note,
that each X-ray flash has a pulse duration of 50 ps, which
fundamentally limits the attainable temporal resolution.
Additional information regarding the synchronization
scheme and the X-ray microscope can be found in [7, 15].
A similar approach for measuring the dynamic magneti-
zation in an FMR experiment with spatial and temporal
resolution has been implemented at the Maxymus
endstation at BESSY II [16]. There are two moderate
differences with respect to the SSRL experiment: One
is that the BESSYII operation frequency is appx. 500
MHz, corresponding to a repetition period of the probing
x-ray flashes of 2 ns. Secondly, the signal is recorded
only for the microwave on (precessing) case. Therefore,
3on the one hand side, it is not necessary to excite
the sample at direct higher harmonic frequencies of
the synchrotron and thus the exciting frequencies can
be chosen more freely to f=500MHz*M/N, depending
on the number of detection channels used (N) and a
selectable integer multiplier M.[18] Here N for most
cases is also equal to the number of simultaneously
acquired excitation phases (not limited to 6). Since the
not-precessing magnetization (microwave off) cannot be
used as a baseline for comparison, on the other hand, for
normalization purposes only the transmitted intensity
ratio of each channel I(t)/ ¡ I ¿t with respect to the
temporal average state can be evaluated in order to
extract the dynamic magnetic contrast originating from
the precession of magnetization
III. CONTRAST MECHANISM
For a better understanding of the measured STXM-
FMR data, we briefly discuss the underlying physical ef-
fect which yields the dynamic magnetic contrast images.
A. X-ray absorption
The transmission of electromagnetic radiation through
any material is described by Beer-Lambert‘s law [21]. In
a STXM the transmitted X-ray intensity I is detected.
This transmitted intensity is comprised of the X-ray ab-
sorption (XA) coefficient of the entire sample (magnetic
specimen and SiN-membrane). Tuning the photon en-
ergy to any characteristic core-level excitation resulting
in the well-known element selectivity of XA measure-
ments. However, the above mentioned law only consid-
ers a single layer system. In an STXM-FMR experiment
the sample consists at least of a two layer system since
any magnetic specimen is suspended on a SiN-membrane
through which the X-rays need to be transmitted as well.
In order to include this second layer Beer-Lambert‘s law
needs to be modified [21]:
Is/m = I0e
−(µsts+µmtm) (1)
where ts, tm are the thicknesses and µs, µm are the ab-
sorption coefficients of the magnetic specimen and SiN-
membrane respectively, and I0 is the incoming inten-
sity. In any sample one can find areas where the X-
rays only transmit through the SiN-membrane while in
other regions the X-rays are transmitted through the SiN-
membrane plus the magnetic specimen, which can also
consist of more than one layer which would be added to
the exponent in Eq. 1. Therefore, from a single STXM-
FMR image one can separate the dynamic magnetic
contrast from the background transmission of the SiN-
membrane by defining respective regions of interest (RoI)
from the time-averaged z-contrast images like in Fig. 1 c).
IV. ANALYSIS OF STXM-FMR
MEASUREMENTS
In the light of the preceding discussion, evaluation
methods for the extraction of quantitative information
from the STXM-FMR data will be presented, with spe-
cial attention to how to extract the dynamic contribution
of the magnetic specimen. Additionally it is possible to
quantify the opening angle of the magnetization preces-
sion in FMR directly from the change in absorption co-
efficient during a full precession cycle.
A. Raw data treatment
I
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FIG. 2: The top shows the chemical contrast of the disk stripe
sample measured at the Ni-L3-edge. Representation of the
different evaluation methods for the 6 phases of the magne-
tization precession: In I the absorption coefficient difference
is shown obtained the background corrected microwave on
and off measurement. IIa is the ratio between the not back-
ground corrected microwave on and off measurement. Apply-
ing a background correction to IIa the images labelled IIb are
generated. The images labelled IIc show the absorption co-
efficient change between microwave power on and off for the
different phases.
To eliminate the second absorption coefficient µ2 in equa-
tion 1 the raw data needs to be corrected by the SiN-
membrane background. Thus the absorption coefficient
of the magnetic specimen alone can be investigated. For
that we average the transmission signal over the area
of only the SiN-membrane for each of the 12 images
(6 phases with microwave on Ionm and 6 phases with
4microwave off Ioffm ) separately. Each individual image
is then divided by its respective averaged transmission
value of the SiN-membrane. The resulting transmission
Ion and Ioff then contains exclusively the information
about the absorption coefficient µ1 of the magnetic spec-
imen:
Ions =
Ions/m
Ionm
= eµ
on
s ·ts Ioffs =
Ioffs/m
Ioffm
= eµ
off
s ·ts (2)
Note, that this also eliminates the dependence on the
individual incoming intensity I0 for each phase. Sub-
sequently, the dynamic magnetic contrast is derived by
taking the natural logarithm of the ratio of the precess-
ing (microwave on) versus non-precessing (microwave off)
case to obtain ∆µ corresponding to the difference in ab-
sorption coefficient equivalent to the usual definition of
the XMCD effect:
ln(
Ions
Ioffs
) = (µoffs − µ
on
s ) · t = ∆µ · t (3)
where t is the thickness of the magnetic specimen. The
resulting dynamic magnetic contrast ∆µ · t of the Py disk
recorded at the Ni L3-edge at 9.04GHz is shown for all
six phases in Fig. 2, row I. It is clearly visible that only
the contrast of the Py disk reverses during a full measure-
ment cycle representing the perpendicular component of
the high-frequency magnetization, while the background
stays constant.
However, one can change the sequence of extracting ∆µ·t
and take a closer look at each individual step. First, the
ratio of microwave on and microwave off is taken and
all 6 phases are displayed in Fig. 2 row IIa. It is obvious,
that the background corresponding to the SiN-membrane
oscillates as well, which will be discussed further below.
In a second step, the influence of the oscillating back-
ground is corrected as mentioned before by dividing each
phase with the respective averaged transmission of the
SiN-membrane. The resulting 6 phases are shown in Fig.
2, row IIb and already compare well with the full analysis
of I revealing no visible background oscillation.
However, the images of IIb do not directly reflect the nu-
merical values of ∆µ · t. Taking the natural logarithm
of IIb one obtains the 6 phases as shown in Fig. 2, row
IIc. A direct comparison between IIb and IIc reveals,
that the qualitative behavior of the dynamic magnetic
contrast is identical. However, only IIc shall be mathe-
matically equivalent to the full analysis in I. Both evalu-
ations depend on the selection of the RoI from which the
background of the SiN-membrane is derived.
To verify if the sequence of the evaluation steps indeed
yield the same results, the quantitative outcome of meth-
ods I and IIc are compared in Fig. 3. In the STXM-FMR
image the area outside the blue box defines the RoI used
for determining the background of the SiN-membrane.
The red box indicates the RoI which is used for deter-
mining the average ∆µ · t of the magnetic specimen. To
derive the absorption coefficient ∆µ at Ni L3-edge the
resulting averaged value has to be divided by the effec-
tive thickness t = 24nm, since the Py film is 30 nm thick
and contains 80% nickel, note that the non-resonant XA
of the iron can be excluded due to the ratio between
the measurements with and without applied microwave
power. The two panels show the averaged values (sym-
bols) of the 6 phases for method I (right) and IIc (left)
reflecting the dynamic magnetic contrast of the homoge-
neous excitation, i. e., uniform mode of the Py disk. The
sine fits (solid lines) are done for the fixed frequency of
the exciting microwave of 9.04GHz while amplitude A
and phase ϕ are fitting parameters. Indeed, both meth-
ods reveal identical numerical values for A = ∆µ and
ϕ of (340 ± 31) cm−1 and −39◦ ± 5◦, respectively. The
quantitative numerical values will be discussed in the fol-
lowing.
B. Precession angle
2mm
FIG. 3: By averaging over the sample in the six different
phases for evaluation method IIc (left side) and I (right side)
from Fig. 2 one can obtain the shown curves. Both were fitted
with a sine fit due to the sinusoidal behavior of the exciting
microwave. The frequency of this sinusoidal was given by the
microwave frequency applied to the system which in this case
was 9.04 GHz.
The first quantity which can be extracted from a STXM-
FMR experiment is the amplitude A corresponding to
the dynamic magnetic contrast ∆µ. For a known thick-
ness t of the magnetic specimen one can extract the
opening angle θ of the precessing magnetization. Other
than for the phase ϕ, the amplitude A and thus ∆µ
can be compared between different samples. For that
a usual XMCD experiment is carried out on a specimen
of known thickness d where ∆µXMCD is derived as the
difference in absorption with the magnetization fully par-
allel and antiparallel to the k vector of the X-rays, yield-
ing ∆µabs = ∆µXMCD/d. One should keep in mind that
in an XMCD experiment the magnetization is fully re-
versed while in the STXM-FMR measurement microwave
off corresponds to the fully perpendicular case. There-
fore, 2A has to be taken when comparing with ∆µabs.
In addition, from geometrical considerations this method
yields the full opening angle of the precession cone cor-
responding to 2θ, therefore yielding:
sin(2θ) =
2A
∆µabs
(4)
5Here 2A is (680 ± 31)cm−1 and ∆µabs ≈ 200000cm
−1,
which yields an opening angle of θ = 0.10◦ ± 0.01◦. As
already pointed out before [15], one has to consider the
effect of the pulse length of the X-rays on the measured
intensity. A pulse length of 50 ps yields a reduction fac-
tor of 1.5 for this measurement at 9.04GHz, due to the
averaging over part of the dynamic magnetic response of
the system. Therefore, the actual opening angle for this
FMR measurement is θ = 0.15◦ ± 0.02◦ which is of the
same order as the previously reported opening angle of
0.1◦ for a Co-stripe [15]. It has to be taken into consid-
eration that the obtained opening angle of the FMR is
only the out-of-plane angle, which in turn can differ from
the in plane angle due to the magnetic anisotropy of the
thin film sample.
C. Origin and influence of the background signal
Due to the background oscillation observed in Fig. 2
IIa it is possible that small changes in the dynamic mag-
netization can not be measured properly. In Fig.4 a mea-
surement on a Py ”T”-sample is shown, where the polar-
ization of the X-ray photons is switched from σ+ to σ−.
Fig. 4 a) shows the chemical contrast image of the mea-
b)a)
Bext1mm
FIG. 4: a) shows the chemical contrast images of the mea-
sured sample, while the direction of the external magnetic
field (Bext) is indicated by the blue arrow. b) shows the
averaged transmission intensity of the stripe parallel to the
external magnetic field for two different X-ray polarizations
σ+ and σ−.
sured sample. The direction of the external magnetic
field is indicated by the blue arrow. In Fig. 4 b) the av-
eraged transmission intensity of the stripe parallel to the
external magnetic field is shown for the two X-ray polar-
izations σ+ (black curve) and σ− (red curve). The result-
ing relative phases for the individual measurements are
1◦±3◦ for the measurement using σ+ and 74◦±11◦ for the
measurement using σ−. As can be seen the phase of the
STXM-FMR measurement does not change by 180◦ as it
would be expected for the XMCD effect, when switching
the polarization of the incoming X-rays. To understand
the reason of this non reversal of the dynamic magneti-
zation the background signal observed in Fig. 2 IIa needs
to be discussed.
The output signal of the avalanche photo diode is ampli-
fied by a factor of 1000 (60 dB) to be detected. Therefore,
it is very sensitive to issues with the pre-amplification.
The cables inside the STXM (power supply for the APD
and signal output of the APD) can act as antennas for
standing waves generated by the microwave excitation of
the sample. This can cause false positives/negatives de-
pending of the phase of the microwave with regard to the
photon arrival time, which can be misinterpreted as bulk
(low spatial frequency) dynamics. This is an issue since
microvolts of induced voltage by the microwave can be
amplified to a ”photon” level in the signal output of the
APD.
Additionally common detection methods can only detect
one photon per bunch. Multi photon events only reg-
ister as single events. This creates a non-linear detec-
tor response that gets more pronounced for higher count
rates, and can interfere with normalization of dynamic
contrast when imaging samples with big static contrast.
While the signal in dark areas (magnetic specimen) is
linear, the signal in bright areas (SiN-membrane) is com-
pressed, thus the normalization algorithms that work by
averaging obtain a skewed response that can create false
dynamic contrast proportional to the static contrast.
However, if the dynamic contrast reverses when changing
the polarization is switched, it can be concluded that the
observed signal is a consequence of the dynamic mag-
netic response of the system to the external excitation
generated by the microwave. In order to do so the phase
between the microwave excitation and the X-ray pulses
can be obtained from the STXM-FMR measurements.
D. Absolute vs. relative phase
The absolute phase should be measured between the
precessing magnetization and the arrival of the X-ray
pulse. However, this is complicated due to several issues.
First, as in any resonance experiment, there is a phase
difference between the microwave excitation and the pre-
cessing magnetization. Second, the phase of the X-ray
pulse cannot be determined directly since only the driv-
ing frequency of the rf-cavity of the storage ring is acces-
sible. Therefore, the travel time of the electron bunches
from the cavity to the undulator as well as the travel
time of the X-ray pulse from the undulator to the sam-
ple have to be taken into account. These are in principle
known and should be fixed values for a given synchrotron.
In addition, the length of the used cabling has an influ-
ence on the phase as well and this changes when the
microwave set-up including sample and micro-resonator
is physically changed. In a practical experiment the fit-
ted phase ϕ is only a relative number and comprises all
the above factors. Therefore, it can only be compared
as long as the entire microwave set-up as well as the ex-
6citation frequency of the STXM-FMR experiment is not
changed. This implies, that it is only possible to compare
relative phases within the same sample and not between
different samples. In other words, the obtained phase
ϕ = −39◦±5◦ is basically meaningless for comparing dif-
ferent sample measured in the STXM-FMR. However,
the relative phase of different measurements using the
same parameters and sample upon, e. g., the reversal of
the helicity of the light can be compared and - according
to the XMCD effect - should be 180◦.
V. EXPERIMENTAL VERIFICATION OF THE
CONTRAST BEHAVIOUR
Having discussed the small variation of the absorption
coefficient during precession with a small opening angle
together with the presence of a rather pronounced back-
ground signal of the SiN-membrane, it is important to
investigate the behavior of the dynamic magnetic con-
trast upon reversal of the helicity of the light to assure
that a true XMCD effect is indeed observed.
A. Contrast reversal with helicity
FIG. 5: a) Chemical contrast picture of the Py stripe. In
b) two STXM-FMR measurement with different X-ray polar-
ization measured at the Ni-L3-edge are shown as well as the
difference between the two measurements. c) shows the av-
erage transmission intensity of the X-rays through the stripe
sample for the three cases shown in b). The averaged data
was fitted with a microwave frequency of 9.61 GHz.
As a first test experiment two STXM-FMR measure-
ments at 9.61GHz were done using σ+ and σ− polarized
X-rays at the Ni L3-edge of the horizontal Py stripe of
the T sample shown in Fig. 1 b). In Fig.,5 a) the chemical
contrast is shown while the individual 6 phases with σ+
(blue) and σ− (red) light are displayed in Fig. 5 b), top
two rows. All contrast variations in b) are shown on
the same scale in order to emphasize the difference in
∆µ · t for the different measurements. Fig. 5 c) collates
the averaged dynamic magnetic contrast for all 6 phases
derived by averaging over the respective marked areas.
The RoIs were identified using the chemical contrast
image in Fig.5 a) as indicated by the red box. The same
colour scheme was used for the averaged intensities of
the two measurements shown in Fig.5 c).
As one can clearly see in the individual phase images
there is a phase difference of −27◦ ± 2◦ for σ− and
+99◦ ± 6◦ for σ+ light. Note, that the value for the
phases in Fig. 3 and 5 differ because the samples and
thus the microwave setup are different. The XMCD
effect suggests that by reversing the X-ray polarization
the relative phase should change by 180◦, i. e., an ideal
reversal of the contrast in all 6 images. However, the
relative phase difference between the two measurement
is only 127◦ ± 8◦, which is significantly smaller. This
is most likely due to the experimental constraint that
only 6 phases can be resolved because of the X-ray
pulse length of 50 ps, while the time difference between
the individual phases is only 17.4 ps. Therefore, the
experimental uncertainty is larger, than the errors from
the fitting procedure, especially considering the small
overall size of the dynamic contrast change. In turn,
one can increase the magnetic contrast by taking the
difference between the two experiments with σ+ and σ−
light according to usual XMCD experiments. The result
is shown in Fig. 5 b) and c) (green) and it is obvious
that the dynamic contrast is enhanced significantly.
Nevertheless, as visible in Fig. 5 c) the amplitude is not
increased by a factor of 2 as expected which is due to
the non-ideal reversal of the contrast as reflected by the
behavior of the relative phases. Nevertheless, this is
a first indication that a homogeneous FMR excitation
behaves the same way as previously observed spin wave
excitations [15].
B. Helicity versus field direction
In Fig. 6 a second control STXM-FMR measurement
done at the Maxymus endstation at BESSY II is shown
where the STXM-FMR was measured with a slightly in-
creased phase resolution of 7 images for one full preces-
sion cycle. In addition to reversing the helicity of the
light one helicity was also measured for two different ex-
ternal magnetic field orientations Bext, i. e., (σ
+, B+),
(σ+, B−), and (σ−, B+). The relative orientation of Bext
is indicated together with the image of the chemical con-
trast in Fig. 6 a), top. The RoI where the contrast is
spatially averaged is indicated by the red boxes in all
images to ensure that the observed averaged signal only
originates from the stripe and does not contain the SiN-
membrane background (see above). The time-normalized
spatial average intensity for each phase of the 3 different
measurements is shown in Fig. 6 b)-d). The measurement
in a positive magnetic field B+ and circular polarization
σ+ is shown on the left side of Fig. 6 a). The resulting
averaged normalized X-ray transmission can be found in
Fig. 6 b), where it was fitted using a sine function with
the microwave frequency of 6.785GHz. This fit yields a
7s
+;B+ s+;B- s
-
;B+
t1=21ps
t2=42ps
t3=63ps
t4=84ps
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FIG. 6: STXM-FMR measurement done at the Maxymus
beamline at the Fe-L3-edge at B+=60mT and B-=-60mT
and different X-ray polarization σ+ , σ−. The applied mi-
crowave frequency for all measurements shown in this figure
was 6.785GHz. The left hand side shows the chemical con-
trast image together with the different directions for B- and
B+. The averaged area is indicated by the red box. Below,
the normalized intensity (with respect to the time average
state) for the 7 different excitation phases (or delay times)
is shown for different field directions and X-ray polarisations.
The spatially averaged intensity for each of these boxes can
be found on the right hand side with their respective colour
coding.
relative phase between the X-ray pulses and the magne-
tization precession of 102◦ ± 12◦.
As mention above the sign of the static XMCD effect re-
verses when the external magnetic field along an axis of
sensitivity is reversed [11, 12]. At first glance it could be
expected that this leads to a contrast reversal for the dy-
namic magnetic contrast in STXM-FMR as well. How-
ever, as can be seen in Fig.6 a) the contrast does not
reverse when the external field is reversed (middle col-
umn). This can be explained due to the fact that the
STXM-FMR in the present configuration is only sensitive
to the transversal dynamic component of the magnetiza-
tion precession and not the direction of the magnetization
itself. Due to the field reversal the magnetization still
precesses around the external field with the same phase
relation as before. The dynamic magnetic contrast is
only dependent on the projection of the dynamic magne-
tization onto the X-ray k-vector. This projection in turn
exhibits a cosine behaviour, thus does not depend on the
sense of rotation regarding the X-ray k-vector. This is
evidenced by comparing the averaged dynamic magnetic
contrast for σ+, B+ in Fig. 6 b) and σ+, B− in c). The re-
sulting relative phase is 102◦±12◦ and 100◦±16◦, respec-
tively, i. e., identical within error bars. In contrast, com-
paring σ+ with σ− polarization for B+ in Fig. 6 b) and
d), respectively, a clear contrast reversal is seen which is
reflected by the resulting relative phases of 102◦±12◦ and
−94◦±7◦. The resulting phase change is thus 196◦±19◦
which agrees within error bars with the expected value
of 180◦ for the ideal XMCD effect.
C. Contrast reversal for inhomogeneous excitations
Until now all measurements were done for a uniform
magnetic excitation of the magnetic specimen. There was
a drastic difference in conventional XA for areas where
only background effects were observed to regions where
the dynamic magnetic contrast was measured. Since we
have already attributed the oscillating contrast of the
background to an interaction of the microwave with the
APD, non-linearities of the APD can also have a non-
negligible influence on the extracted dynamic magnetic
contrast. This is especially relevant for homogeneous ex-
citations of the magnetic specimen. In order to exclude
this, an inhomogeneous excitation of the magnetic spec-
imen is the method of choice.
s
+
s
-
a)
b)
2.5mm
FIG. 7: Comparison of the two circular polarizations for an
inhomogeneous excitation of a T stripe. The left part shows
the chemical contrast pictures for the different polarization
measurements respectively. For contrast maximization the
opposite phases of the same measurement are subtracted. The
red and green boxes indicate the position of the Py stripe
(extracted from the chemical contrast) for each of the two
measurements to better visualize the excitation.
In Fig. 7 a STXM-FMR experiment, measured at the
SSRL, of an inhomogeneous excitation of the stripe
parallel to the external magnetic field of a Py ”T”-
sample is shown. Details on these types of excitations
go beyond the scope of this paper and will be discussed
elsewhere; integral FMR measurements together with
micromagnetic simulations have already been published
[3]. Figure 7 a) shows the measurement with σ+ light,
whereas in b) the σ− case can be seen. On the left-hand
side the chemical contrast images are provided while
on the right-hand side a single image of the dynamic
magnetic contrast is displayed. In order to maximize the
contrast, the difference between the same two opposite
phases has been taken for both polarizations. An
additional smoothing as in Ref. [7] has been carried out
to better visualize the inhomogeneous excitation. One
can clearly see that there are regions with a pronounced
magnetic contrast to either end of the stripe while
the center shows a much weaker contrast with zero
contrast in between. Importantly, the regions of strong
magnetic contrast clearly reverse upon reversal of the
helicity of the light while in other regions the contrast
remains unaffected. Therefore, the contrast reversal
is also observable with respect to a non-reversing re-
gion where the overall XA does not change, underlining
that the contrast mechanism is indeed of magnetic origin.
8VI. CONCLUSION
We have shown a way to correctly separate the quan-
titative pure dynamic magnetic contrast from the back-
ground signal in STXM-FMR. The opening angle of the
FMR excitation of Py was determined at the Ni-L3-edge
by evaluating the amplitude of the dynamic magnetic
contrast yielding an opening angle of 0.15◦ which corre-
sponds well with previously reported values for Co[15].
Furthermore, by switching the polarization of the X-
ray photons from σ+ to σ− the dynamic magnetic con-
trast switches its sign for the STXM-FMR measurement.
However, contrary to static classical XMCD a reversal
of the external magnetic field does not change the dy-
namic magnetic contrast of the STXM-FMR because of
the transversal geometry. Enhancement of the signal can
be achieved by measuring the STXM-FMR with different
polarizations (σ+ and σ−). Finally, the contrast reversal
upon reversal of the helicity was observable for two differ-
ent STXM-FMR setups, at two different synchrotrons, as
well as for an inhomogeneous excitation. This evidences
that the contrast in STXM-FMR behaves similar under
reversal of the X-ray helicity to the static XMCD effect
and one can take advantage from the unique combination
of element selectivity and spatio-temporal resolution in
future studies of magnetically excited micro- an nano-
structures.
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